The interplay between abscisic acid (ABA) and salicylic acid (SA) influences plant responses to various (a)biotic stresses; however, the underlying mechanism for this crosstalk is largely unknown. Here, we report that type 2C protein phosphatases (PP2Cs), some of which are negative regulators of ABA signaling, bind SA. SA binding suppressed the ABA-enhanced interaction between these PP2Cs and various ABA receptors belonging to the PYR/PYL/RCAR protein family. Additionally, SA suppressed ABA-enhanced degradation of PP2Cs and ABA-induced stabilization of SnRK2s. Supporting SA's role as a negative regulator of ABA signaling, exogenous SA suppressed ABA-induced gene expression, whereas the SA-deficient sid2-1 mutant displayed heightened PP2C degradation and hypersensitivity to ABAinduced suppression of seed germination. Together, these results suggest a new molecular mechanism through which SA antagonizes ABA signaling. A better understanding of the crosstalk between these hormones is important for improving the sustainability of agriculture in the face of climate change.
protein family are ABA receptors, and that they interact with members of the type 2C protein phosphatase (PP2C) protein subfamily, was a major breakthrough in dissecting the ABA signaling pathway (Fujii et al., 2009; Ma et al., 2009; Miyazono et al., 2009; Park et al., 2009; Santiago et al., 2009; Soon et al., 2012) . In the absence of ABA, PP2Cs are able to bind and dephosphorylate members of the sucrose nonfermenting 1-related subfamily 2 protein kinase (SnRK2) family. This negatively regulates ABA signaling because autophosphorylation is required for SnRK2 kinase activity, and thus their ability to transduce the ABA signal by phosphorylating downstream targets. In the presence of ABA, the ABA-receptor complex tightly binds to PP2Cs, thereby preventing PP2C-mediated dephosphorylation of SnRK2. This, in turn, allows activated SnRK2s to relay the ABA signal.
The reversible phosphorylation of proteins by protein kinases and phosphatases is an important mechanism for regulating many biological processes. In contrast to eukaryotic protein kinases, whose primary and three-dimensional structures are very similar, protein phosphatases are diverse. Depending on their substrate specificity, protein phosphatases can be divided into two classes, serine/threonine (Ser/Thr) or tyrosine phosphatases (Fuchs, Grill, Meskiene, & Schweighofer, 2013; Schweighofer, Hirt, & Meskiene, 2004; Singh, Pandey, Srivastava, Tran, & Pandey, 2015) . The Ser/Thr phosphatases have been further organized into the phosphoprotein phosphatase (PPP) and metal-dependent protein phosphatase (PPM) families. In plants, PP2Cs, which belong to the PPM family, represent a major portion of the phosphatase-encoding gene family. To date, 80 or more genes have been identified in the Arabidopsis, tomato, rice, and hot pepper genomes. Phylogenetic analyses have further divided the PP2C families from these plant species into 10 or more subclades designated alphabetically from A onward (Fuchs et al., 2013; Singh et al., 2015) .
Of the PP2C subclades, members of "clade A" have been studied the most extensively, as they negatively regulate ABA signaling in various plant species. In Arabidopsis, clade A proteins such as ABAinsensitive 1 (ABI1), ABI2, hypersensitive to ABA 1 (HAB1), and PP2CA/AHG3 have been shown to mediate ABA-induced responses to abiotic and biotic stresses via their interaction with SnRK2s and PYR/PYL/RCARs (Fujii et al., 2009; Lim, Luan, & Lee, 2014; Santiago et al., 2012; Soon et al., 2012; de Torres-Zabala et al., 2007) . Functional studies of PP2C proteins from other clades are limited, but they suggest that some of these proteins are involved in responding to (a)biotic stresses. For instance, the clade B member AP2C1 (Arabidopsis phosphatase 2C1) and its ortholog MP2C from Medicago sativa regulate the activity of stress-induced mitogen-activated protein kinases (MAPKs (Meskiene et al., 2003; Schweighofer et al., 2004) , and the clade F member PIA1 (PP2C induced by AvrRpm1) regulates immune responses in Arabidopsis (Widjaja et al., 2010) . By contrast, clades C and D contain PP2Cs that regulate developmental processes (Fuchs et al., 2013; Schweighofer et al., 2004; Singh et al., 2015) . Members of clade C, including POL (Poltergeist) and PLL (POL-like), control shoot and root meristem formation and embryo formation (Song & Clark, 2005) , whereas members of clade D negatively regulate the activity of plasma membrane H + -ATPases and thus cell expansion in the absence of auxin (Spartz et al., 2014) .
Salicylic acid is another important plant hormone involved in diverse physiological and metabolic processes, including plant responses to various abiotic stresses. In addition, SA is an essential regulator of plant immune responses (Klessig, Tian, & Choi, 2016; Manohar et al., 2015; Vlot, Dempsey, & Klessig, 2009) . While several recent studies have identified components of SA signaling networks and revealed some SA-mediated signaling mechanisms, a full picture of SA-based signaling in plants is far from complete. Indeed, the identity of the SA receptor(s) remains unclear. It was recently proposed that nonexpresser of PR1 (NPR1), which functions as a master regulator of SA-mediated immune signaling, is an SA receptor (Wu et al., 2012) . In contrast, Fu et al. (2012) suggested that NPR1's two homologs, NPR3 and NPR4, rather than NPR1, are SA receptors. As NPR3 and NPR4 are adaptors for Cullin 3 ubiquitin E3 ligase, they may regulate the SA signaling pathway by fine-tuning NPR1 protein levels via degradation (Fu et al., 2012) . In addition, nearly 30 SA-binding proteins (SABPs) have been identified (Klessig et al., 2016) . These proteins exhibit a wide range of affinities for SA, and SA binding alters their activities. Given that SA levels vary dramatically within a plant depending on the subcellular compartment, tissue type, developmental stage, and external cues, such as infection, these findings raise the possibility that SA exerts its effects by interacting with multiple targets, rather than a small number of receptors.
Although SA's role in activating disease resistance and ABA's role in signaling abiotic stress responses are well known, it is only recently becoming apparent that ABA also influences immune responses (Denance et al., 2013; Robert-Seilaniantz et al., 2011) . ABA treatment suppressed defense responses and enhanced plant susceptibility to certain bacterial and fungal pathogens (De Torres Zabala, Bennett, Truman, & Grant, 2009; McDonald & Cahill, 1999; Mohr & Cahill, 2003; Robert-Seilaniantz et al., 2011; Thaler & Bostock, 2004; Ward, Cahill, & Bhattacharyya, 1989) . Additionally, the virulence of Pseudomonas syringae in Arabidopsis was dependent on manipulation of the ABA signaling pathway by secreted bacterial effectors (de Torres-Zabala et al., 2007) . Growing evidence also indicates that there is substantial crosstalk between the ABA and SA pathways during immune signaling (de Torres-Zabala et al., 2007; Yasuda et al., 2008) .
Arabidopsis mutants deficient in ABA synthesis or response not only exhibited reduced susceptibility to pathogen infection, but also showed enhanced expression of SA-responsive genes, such as pathogenesis-related protein-1 (PR-1) and PR-4 (Audenaert, De Meyer, & H€ ofte, 2002; Sanchez-Vallet et al., 2012; Thaler & Bostock, 2004) .
Conversely, Arabidopsis overexpressing RCAR3, which confers increased ABA sensitivity, displayed enhanced susceptibility to P. syringae DC3000 infection, which correlated with decreased expression of PR-1 and NPR1 (Lim et al., 2014) . Further demonstrating the antagonistic interaction between ABA and SA, exogenous ABA suppressed the ability of an SA functional analog to enhance pathogen resistance in Arabidopsis, while pretreatment with this analog suppressed NaCl-induced expression of several ABA biosynthetic or ABA-responsive genes (Yasuda et al., 2008 ). ABA appears to suppress immune responses by down-regulating SA biosynthesis (de TorresZabala et al., 2007; Yasuda et al., 2008) ; however, the mechanism through which SA inhibits ABA signaling is unknown.
In previous studies, we have identified several SABPs that are involved in various biotic and abiotic stress responses (Manohar et al., 2015; Tian et al., 2012 (Choi et al., 2015; Manohar et al., 2015; Tian et al., 2012) . In one screen, protein extracts prepared from Arabidopsis leaves were subjected to affinity chromatography on a Pharma-link column to which SA was attached. After stringent washing with the biologically inactive SA analog 4-hydroxy benzoic acid (4-HBA), SA-bound proteins on the column were eluted with excess SA. The eluted proteins were analyzed by mass spectroscopy and a PP2C belonging to clade D (PP2C-D4; At3g55050) was identified along with other putative SABPs. Recombinant histidinetagged PP2C-D4 was produced in Escherichia coli and the purified protein was further assessed for SA-binding activity using three different assays, namely surface plasmon resonance (SPR), photoaffinity crosslinking, and size-exclusion chromatography. SPR analysis was performed with a CM5 sensor chip to which the SA derivative 3-aminoethyl SA (3AESA) was immobilized via an amide bond. Binding to 3AESA was detected when purified PP2C-D4 was passed over the sensor chip (Figure 1a ). In the presence of increasing concentrations of SA, PP2C-D4 binding to the 3AESA-immobilized sensor chip was modestly reduced (Figure 1a ). Similar to these results, the photoaffinity labeling approach indicated that PP2C-D4 bound and was crosslinked to 4-azido SA (4AzSA). This binding also was suppressed by SA in a dose-dependent manner (Figure 1b) , arguing that PP2C-D4 binding to both 3AESA and 4AzSA represents authentic SA-binding activity. PP2C-D4's ability to bind SA also was confirmed by size-exclusion chromatography using [ (Figure 1c ). An independent, parallel screen using a SA-derived ligand in combination with the yeast three-hybrid technology, which relies on the in vivo interaction between the ligand (small molecule) and its protein target in the yeast nucleus, also identified PP2C-D4 (called PP2C6 in (Cottier et al., 2011) . Based on these five independent assays, we conclude that PP2C-D4 is a true SABP.
Several clade A PP2C family members, including ABI1, ABI2, and HAB1, have been identified as core components of the ABA signaling network (Soon et al., 2012) . This prompted us to test whether these proteins also bind SA. Like PP2C-D4, recombinant ABI1 and ABI2 bound the 3AESA-immobilized sensor chip and crosslinked with 4AzSA (Figure 1d,e,g,h) . The ability of ABI1 and ABI2 to bind 3AESA and crosslink to 4AzSA also was partially suppressed by SA in a dose-dependent manner. ABI2's binding to [ (Figure 1f,i) . Interestingly, SA suppressed the binding of these proteins to 3AESA more effectively than that of PP2C-D4 (Figure 1d,g ). In contrast, HAB1 displayed much weaker binding to the 3AESA-immobilized sensor chip (Fig. S1a) . The ability of phosphoprotein phosphatase 2A regulatory subunit A (PP2A), a component of phosphatases belonging to the PPP family, also was tested for SA binding. This protein was previously identified during our screens, but it failed to meet the criteria as an SABP (Manohar et al., 2015) . Consistent with these results, PP2A exhibited very weak binding to the 3AESA-immobilized sensor chip ( namely PYR/PYL/RCARs, PP2Cs, and SnRK2s, are regulated by controlled proteolysis (Irigoyen et al., 2014; Kong et al., 2015; Lin et al., 2015) . For example, ABA promotes degradation of ABI1, but it F I G U R E 2 SA-binding activities of PP2Cs are enhanced by ABA and this binding is partially suppressed by SA. (a-c) Sensorgrams obtained with recombinant, purified 1 lM of His 6 -tagged PP2C-D4 (a), ABI1 (b), and ABI2 (c) using a 3AESA-immobilized sensor chip in the absence or in the presence of 2 mM ABA or 2 mM ABA plus 2.5 mM SA. Signals detected from a mock-coupled control chip were subtracted. The experiments were independently repeated at least twice F I G U R E 3 SA disrupts the ABA-induced interaction between PP2Cs and PYL1. (a-c) Sensorgrams obtained with recombinant, purified 10 lM of His 6 -tagged PP2C-D4 (a), 1 lM of ABI1 (b) or 2.5 lM of ABI2 (c) using a His 6 -SUMO-tagged PYL1-immobilized sensor chip in the absence or presence of the indicated concentrations of ABA or SA. Signals detected from a mock-coupled control chip were subtracted. The experiments were independently repeated at least twice suppresses degradation of certain PYR/PYL/RCARs and SnRK2s (Kong et al., 2015; Lin et al., 2015) . Furthermore, the plant hormone gibberellic acid (GA) antagonizes ABA signaling, in part, by stimulating degradation of PYR/PYL/RCARs and SnRK2s (Lin et al., 2015) .
To determine whether SA affects protein turnover, we analyze the stability of purified recombinant PP2Cs and SnRK2s in a cell-free degradation assay. Following incubation in protein extracts prepared from Arabidopsis seedlings supplemented with ABA and/or SA, immunoblot analyses indicated that the levels of His 6 -tagged PP2C-D4, ABI1, and ABI2 decreased in extracts supplemented with 10 lM ABA (Figure 4a ). By contrast, the levels of these proteins remained fairly stable in extracts supplemented with both ABA and SA. SA alone had little effect on ABI1 or ABI2 levels but a modest decrease in PP2C-D4 levels was detected (Figure 4a ). Together, these results suggest that ABA enhances PP2C degradation and that this heightened turnover is suppressed by SA.
The stability of three SnRK2s, SnRK2.2, SnRK2.3, and SnRK2.6, was then assessed using the cell-free protein degradation assay. The levels of all three recombinant SnRK2s were slightly greater in extracts supplemented with 10 lM ABA as compared with unsupplemented extracts (Figure 4b ). By contrast, SnRK2 levels were reduced in extracts containing both ABA and SA, with the greatest decrease detected after supplementation with ABA and 100 lM SA.
Thus, ABA appears to stabilize SnRK2s, while SA suppresses ABA's F I G U R E 4 SA alters ABA-mediated turnover of PP2Cs and SnRK2s. (a) Cell-free degradation assay using approximately 100 lg of total protein extracts prepared from 10-day-old Arabidopsis seedlings supplemented with 500 ng of His 6 -tagged PP2Cs (PP2C-D4, ABI1, and ABI2) and indicated concentrations of ABA, SA, or ABA+SA. (b) Cell-free degradation assay using approximately 100 lg of total protein extracts prepared from 10-day-old Arabidopsis seedlings supplemented with 500 ng of His 6 -Sumo-tagged SnRK2s (SnRK2.2, 2.3, and 2.6) and indicated concentrations of ABA or ABA+SA. For a and b, the degradation assay was carried out at 30°C for 3 hr. All lanes shown are from the same experiment; some lanes unrelated to this study have been removed and lanes were then merged for clarity of presentation. (c) Cell-free degradation assay using approximately 100 lg of total protein extracts prepared from 10-day-old wild-type or sid2-1 Arabidopsis seedlings supplemented with 500 ng of His 6 -tagged ABI1. Samples were taken after 0, 0.5, 1, or 2 hr of incubation; proteolysis was stopped by the addition of SDS-PAGE buffer. Proteins were detected by immunoblotting using an a-His 6 -HRP antibody. Staining with Coomassie Brilliant Blue (CBB) staining of the gel served as a loading control. The experiments were independently repeated at least twice effect. Analysis of PYL1 did not reveal any change in protein levels regardless of supplementation with ABA and/or SA, suggesting that these hormones do not affect PYL1 stability (Fig. S6) .
The above results raised the possibility that endogenous SA antagonizes ABA signaling, at least in part, by stabilizing PP2Cs. To further assess this, the rate of ABI1 degradation was compared in protein extracts prepared from wild-type (WT) plants and the SA biosynthesis-deficient mutant sid2-1. ABI1 levels in the extract from sid2-1 plants decreased substantially by 30 min and were barely detectable after 1 hr, whereas those in the WT extract decreased gradually over time (Figure 4c) . Surprisingly, the enhanced degradation observed in sid2-1 extracts was not reversed by (i) adding SA to the extract, (ii) spraying SA on sid2-1 plants, or (iii) supplementing sid2-1 growth media with SA (Fig. S7) . Thus, while these results suggest that SA stabilizes ABI1, the failure of exogenous SA to slow ABI1 degradation in sid2-1 extracts suggests that an additional factor might be involved in this process. and ABA-responsive element binding protein 2 (AREB2), also was analyzed. Consistent with previous studies, the expression of RD29A and AREB2 was induced by ABA ( Figure 5b ) (Nakashima et al., 2006; Uno et al., 2000) . Importantly, plants treated with ABA and SA accumulated reduced levels of RD29A and AREB2 transcripts, indicating that the ABA-induced expression of these genes is partially suppressed by SA. By contrast, SA alone did not affect the expression of either gene.
2.5 | An SA-deficient mutant is more sensitive to
ABA-mediated seed dormancy
In addition to (a)biotic stress responses, ABA is involved in growth and developmental processes, including maintaining seed dormancy to prevent untimely germination (Hubbard et al., 2010; Kermode, 2005) . To investigate whether SA antagonizes ABA's ability to suppress germination, we monitored Arabidopsis seed germination on plates containing Murashige and Skoog (MS) medium in the presence or absence of ABA and/or SA. In the presence of 1 lM ABA, germination was dramatically reduced at all times monitored (Figure 6a ). | 7
an antagonistic relationship between SA and the ABA signaling pathway. For example, SA suppressed ABA-mediated inhibition of shoot growth and expression of cell cycle-related genes in rice (Meguro & Sato, 2014) . Likewise, pretreating Arabidopsis with a compound that activates SA-dependent defense signaling antagonized the induction of ABA biosynthesis-related and ABA-responsive genes after NaCl treatment (Yasuda et al., 2008) . Expanding on these findings, we demonstrated that SA treatment suppresses ABA-induced expression of the ABA signaling components ABI1 and ABI2 and the ABAresponsive genes RD29A and AREB2. In addition, SA antagonized ABA's ability to suppress seed germination. The combined observations that (i) SA-deficient sid2-1 seeds germinated more slowly than WT seeds and (ii) sid2-1 seeds were hypersensitive to exogenously supplied ABA argue that endogenous SA plays an important role in counteracting the effects of both endogenously and exogenously supplied ABA.
To investigate the mechanism through which SA antagonizes ABA signaling, we monitored the interaction between several ABA receptors and PP2Cs. SPR analyses revealed that the clade A PP2Cs, ABI1 and ABI2, bind PYL1, PYL2, and PYR1 even in the absence of ABA ( Figure 7a) ; however, these interactions were strongly enhanced in the presence of ABA (Figure 7b ). Strikingly, SA F I G U R E 5 SA suppresses ABA-induced gene expression. (a) Transcript levels, as measured by qRT-PCR, in seedlings pretreated with either water, 100 lM ABA, 100 lM SA, or 100 lM ABA plus 100 lM SA. Transcript levels of PP2C-D4, ABI1, and ABI2 were determined at 3 hr post-treatment (hpt). Data are averaged AESD (n = 3). (b) Transcript levels as measured by qRT-PCR of ABA-responsive marker genes in seedlings pretreated with either water, 100 lM ABA, 100 lM SA, or 100 lM ABA plus 100 lM SA. Transcript levels of RD29A (RESPONSIVE TO DESICCATION 29A) and AREB2 (ABRE BINDING FACTOR 2) were determined at 0, 3, 6, 12, and 24 hpt. The relative expression levels were quantified by normalizing to ubiquitin expression level. Data are averaged AESD (n = 4). *p ≤ .05; **p ≤ .005; ***p ≤ .0005; ****p ≤ . The discovery that PP2C-D4 binds SA and several ABA receptors, and that this binding is enhanced in the presence of ABA, suggests an additional mechanism through which SA and ABA can negatively regulate auxin-mediated growth and developmental processes.
Indeed, ABA was shown to suppress hypocotyl elongation, and this correlated with dephosphorylation of H + -ATPases (Hayashi, Takahashi, Inoue, & Kinoshita, 2014) . These ABA-induced responses were suppressed in the abi1-1 mutant, suggesting that clade A PP2Cs are 
| Cloning and plasmid constructs
All oligonucleotides used for cloning and plasmid construction are listed in Table S1 . ORFs of PP2CD, ABI1, ABI2, and HAB1 were amplified from an Arabidopsis cDNA library. The resulting PCR products were digested with NdeI and BamHI for ABI1, NdeI and SacI for ABI2, and HAB1 and cloned into the expression vector pET28a (EMD Millipore, MA, USA) for expression. PP2CD was cloned into pET42a
(EMD Millipore, MA, USA) using NdeI and XhoI cloning sites. Cloning of PYL1, PYL2, PYR1, SnRK2.2, SnRK2.3, and SnRK2.6 into pSUMO-H6SUMO vector was described previously (Soon et al., 2012) .
| Protein purifications
Two-step protein purifications were performed as described previously . Briefly, the Rosetta 2 (DE3) (EMD, Millipore, MA, USA) bacterial cells were grown at 37 ο C in LB medium (GE Healthcare) as described previously (Manohar et al., 2015) .
Immobilization of 3AESA on the CM5 sensor chip was performed as described previously (Tian et al., 2012) . To test SA-binding activity, 
| RNA analyses
Unless stated otherwise, at least three biological replicates were used for all RNA analyses. For each replicate, total RNA from oneweek-old Arabidopsis seedlings was isolated from a pool of five seedlings. Total RNA was isolated using Qiagen RNeasy plant mini kit (Qiagen) according to the manufacturer's instructions. DNAse treatment was performed using DNA-free kit (Ambion) following the manufacturer's instructions. First-strand cDNA was synthesized from 1 mg of RNA using M-MLV reverse transcriptase (Promega). For quantitative real-time PCR, transcripts were amplified using SYBR premix Ex Taq II (Takara) with gene-specific primers listed in Table S1 . Reactions were performed using a CFX96 touch Bio-Rad
Real-time PCR system (Bio-Rad). The PCR conditions were 95°C for 3 min (initial denaturation) followed by 44 cycles of amplifications (95°C for 10 s, 60°C for 30 s), followed by generation of a dissociation curve. The relative fold change was calculated according to the 2 À▲▲Ct method (Manosalva et al., 2015) . Ubiquitin was used as endogenous reference gene. The paired t test with an a-level of 0.05 was used to compare transcript level in the ABA, SA, ABA+SA, and mock-treated plant samples.
| Cell-free degradation assay
The tissue samples were collected from 10-day-old seedlings of wild-type and sid2-1 and finely grounded using liquid nitrogen. The total protein extracts were then prepared using protein extraction buffer (25 mM Tris pH 7.5, 10 mM NaCl, 10 mM MgCl 2 , and 4 mM PMSF). The sample was vortexed to mix and centrifuged twice at 17,000 g for 10 min at 4°C to remove debris. The clarified supernatant was pretreated with 1 mM cycloheximide (MP Biomedicals) for 1 hr to inhibit de novo protein biosynthesis. The extracts were then adjusted to equal protein concentrations in degradation buffer (25 mM Tris pH 7.5, 10 mM NaCl, 10 mM MgCl 2 , 4 mM PMSF, 5 mM DTT, and 10 mM ATP). For degradation assay, an equal amount (approximately 500 ng) of purified PP2Cs, SnRK2s, and PYL1 were incubated in 50 ll of Arabidopsis total protein extract (containing approximately 100 lg total proteins) at 28°C for 3 h, unless otherwise indicated. For ABI1 and SnRK2.6, twice as much total protein extract (approximately 200 lg) was used to more clearly visualize the effect of SA (Figure 4a,b) . Immunoblot analyses were performed to detect protein levels by using an a-His 6 -HRP polyclonal antibody (QED Biosciences).
